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ABSTRACT 
The Republic Aviation' design concept for a microinch actuator has been 
tested and proven to have definite merit. Several problem areas arose during 
fabrication and testing of the device. Correction of these problem areas has 
resulted in a functional microinch actuator. This report fully describes the 
problem areas, their interactions and the corrective measures taken to make 
the device a functional reality. 
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SECTION I 
TNTRODUCTION 
Administration. 
In the first phase of this contract, &e Republic Aviation Division of the 
Fairchild Hiller Corporation untertook to develop and manufacture 
inch actuators, each actuator having the capability of: 
making displacements of one-half microinch (5 x lom7 inches) 
per step 
moving at a rate of 3 x low4 inches per second, and 
working against an opposing force of 1000 grams (2.2 pounds) @ 
The results of the work were reported in the Final Report NASA CR66626 
entitled, "Development of a Microinch Actuator", by Mr. John M. Varga, 
dated March 24, 1968. 
An extension of this contract modified the requirements as follows: 
I . . -  * minimum displacement of oneihalf microinch (5~3.0-~ 
.f 2. ~ x I O - ~  inches with each individual step not varying more 
than f 10% of the commanded displacement. 
~. __ - 
*.. - I 
e ly position the modified actuator, it shall be 
'1 
Based upon prior experience in the field of electrostrictive devices, the 
Republio Aviation Diviefon of the Fairahfld Miller Corporation approached this 
problem by utilizing a piezoelectric "inchingf' unit with successive clutches. The 
nature of the piezoelectric action results in small linear displacements, adequate 
response, all of 
requirements to be 1 
displacements and their interactions 
techniques which severely push the state-of-the-art. The relationship of these 
criteria and techniques to  the practical design, fabrication and functionality of 
the microinch actuator will be discussed in this report, 
a 
SECTION It 
ICE CONF TXON 
contractor unit and the housing’unit. The clutch and the extender-contra 
units make use of the converse piezoelectric e 
(deformation per unit length) produced in a crystal or ceramic due to electrical 
stress. Figures 2 and 3 are photographs of a disassembled and partially 
assembled microactuator device. 
t, Le., a mechanical strain 
The sequence of events to cause a linear displacement of the actuator is as 
follows and is illustrated in Figure 4. 
1. 
2. 
3. 
With no wltage applied the clutches B and C exert a 
compressive force on the walls of the microactuator 
housing. The piezoelectric clutch stacks are in 
compression due to a controlled interference f i t  
between the housing and the clutch faces. 
Voltage applied to clutch B causes the unit to contract 
to less than the unstressed distance between the 
housing walls releasing the upper protion of the 
extender -contractor unit. 
lied to A, the extender-contractor unit, 
nt and clutch B to 
extender-contractor, A. 
3 
ATOR NOUSING 
Denotp epoxy interface , 
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6. Voltage removed 
the outer actuator housing and 
assembly. 
ch 
To obtain a contraction of the unit, the same voltages are applied in the 
same polarity to the unit but starting with the release of clutch C, thus: 
1. 
2. 
3. Extend Unit A (downward) 
4. 
5. Activate clutch B 
6. 
7. Deactivate clutch B 
No voltage - unit locked in position 
Activate ar release clutch C 
Deactivate or apply clutch C 
Unit A to normal length 
Since the voltage applied to the extender is relatively small (10,73 volts for 
5 x lom7 inch displacement) an additional "high speed" mode of operation is avail- 
e actuator. By simply switching part or all of the clutch voltage onto the 
contractor, a larger step per pulse will be prod 
rse a larger distance per given time,s. 
d and the actuator 
ividual control cons were manufactured under this c ct, one 
8 
SECTION fIl 
OPERATIONAL 
deflection data was W e n  with an operable actuator in order to determine the problem 
areas. 
The diagnostic instrumentation consisted of a Pratt & Whitney Opt-0-Limit 
gage coupled to a magnetic amplifier and pen recorder. The sensitivity of the pen 
recorder was varied by using a variable load resistance. The resolution of this 
system is estimated to be better than 2 x lom7 inches. A diagram of the various 
positions where diagnostic deflection data was taken is shown in Figure 5. The 
compilation of averaged deflection data is shown in Table 1. Representative 
diagnostic traces are included in the Appendix, The scale fact& for these traces is not 
constant due to the variable load resistances used. Negative deflections in the top and 
bottom clutches indicate movement into the housing. Negative deflections in the side 
walls of the actuator housing indicates a drawing together of the walls. A l l  readings 
are in microinches. It should be noted that the deflection data for the top and bottom 
clutches are not equal. This is due to the elastomeric n a m e  of the conductive epoxy 
in the extender/contractor stack. 
Examination of the data shows that as the top clutch is re 
bows, This bowing (positive deflection on H, F, A, C, and negative deflection 
ed the invar canti- 
S: 
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5. atic Deflection Data Test Points 
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b) O w  latest experiments have let us to the conclusion 
action of the clutches may well be due to a conductive 
c) A contributing factor to the spurious clutch movement is that as the 
piezoelectric stack contracts in the 33 axis (clutch working dir 
the stack expands in the 31 axis (clutch walking direction). This 
action in the 31 direction becomes a contraction when the clutch is 
put in the ltholdlf position. This expansion and contraction is limited 
to ~5 microinches. This behaviour of the piezoelectric ceramic is 
a design limiting criteria which must be reckoned within a redesign 
of the device. Refer to Figure 2. 
The data also shows that as the clutches are actuated, the microactuator 
housing walls move in and out, The less deflection the side walls undergo on clutch 
activation, the more the clutch face rises and the more the face exfends when the 
extender is actuated. The side walls do not return to their original position. The 
housing used in these determinations were epoxied together using Hysol lC, 
Subsequent determinations showed that this epoxy sprung upon clutch release. It 
should be noted that some movement of the housirg walls is due to the fact that the 
housing web (tool steel pieces joined to the gage blocks) deform due to the tensile 
force placed upon them by the clutches, This deformation is governed by the modulus 
of elasticity of the tool steel, and the webs cross-sectional area, This topic will 
be further explored later in this report, 
Examination of the data for G and €3 show that the deflections caused by the 
application of the 400 volts to the extender-contractor stack is in fair agreement 
12 
Two of the microactuator units wer- sent to Republic for test purposes. Of 
which would require heavy grit polishing for its removal. Microscopic 
examination of the clutches and gage blocks reveals horizontal indentations 
in clutches and blocks caused by (1) running the clutch past the housing 
ends, and (2) line bearing contact between clutch face and block. This examination 
also showed deep scratches caused by dirt particles and one spot that looked 
like an arc or spark crater. It is clearly evident that a device that opexates 
on such minimal clearance requires a cleanliness typical of quality optical 
practices. The finished device should have electrical travel limiting switches, 
common flexible bus ground, dust caps and be assembled with extreme care 
in cleanliness. 
Microactuator housings using new standard hardened gage blocks for the 
housing walls were assembled around each of the two clutches. The assembly 
technique described in the following section was used. The clutch assembly 
which was functional was able to walk in the new housing. The other clutch 
assembly (the one which had been locked) was unable to walk in the new housing 
after its extender-contractor was fixed. Room temperature fluctuations caused 
the clutches to lock in the steel housing when the temperature rose and to 
become loose in the housing when the temperature fell. The total temperature 
excursion was only 2-3"Centigrade for these effects. 
13 
With this goal in mind, the sy was rigor 
14 
the clutch faces and the housing gage blocks when there is no volt 
ion and clearance for eluteh 
wired in parallel in order to provide the largest linear displacement with low 
working voltages, 
DESIGN CONSIDERATIONS 
C. PARAMETERS AFFECTING OPERATIONAL BEHAVIOR 
1. Cmtilcvcr Constraint 
The very nature of the cantilever spring design restricts the clutch 
movement, therefore, the true amount of clutch travel as a function of applied 
in spurious clutch movements. 
During the development of the device, the only method for: fitting the 
housing to the clutch so that it could work consisted of putting the piezoelectric 
clutches in compression with 300 volts and using the compressed clutches as a 
jig, setting the housing gage blocks with an epoxy cement (Hysol 1C) to the 
housing tool steel webs. The voltage had to be kept on the stacks overnight for 
the epoxy to cure. An operating voltage of 400 volts was then used to provide 
clearance for clutch travel. Many times the clutch was too loose in the housing 
and could not operate. ;It should be noted that the differences in interference fit 

nique could not be made to work until the reason for its 
during temperature t es t i q  of the clutches. 
-2. 
h have been found to be 
0 the elastomeric conductive epoxy used to cement 
the piezoelectric stacks 
0 depolarization of piezoelectric ceramic 
Q temperature changes and mismatch in the c 
of 1 eqansion of the device construction materials 
A l l  of these re 
- . a) Elastomeric Conductive Epoxy Cexient - - 
A microactuator unit was made up of the undercut piezo- 
electric clutch and the stainless steel webs 3/8-inches thick, The gage block 
were epoxied in place by setting 300 volts on the clutches in order to contract 
them. Room temperature was 75°F when the blocks were set, and allowed to 
cure overnight. In the morning, at 75°F temperature, the actuator operated 
for a distance of l/S-incd.’at only one location within the housing. It was 
suspected that the microactuator clutches were not identical in dimensions and 
fitted the web assembly snugly, the bottom clutch would not enter the assembly. 
Consequently, it was decided to accurately measure the distance across the 
clutch faces as a function of temperature. Using an oven that could control 
temperature to f 0.2"C the clutches were heated and equilibrated at various 
temperatures above room temperature. The clutch was removed from the oven 
and placed under the Opt-O-Limit gage, Ih this way, the dimensions across 
the clutch faces for both the undercut clutch assembly and the untouched ._ 
clutch assembly were determined as a function of temperature, The curves are 
shown in Figure 7. They show that the top clutch of the undercut clutch assembly 
is approximately 50 microinches smaller than the bottom clutch of the same 
assembly. The untouched assembly has approximately 15 0 microinches 
difference 
These differences occurred on both clutch assemblies and one 
fact concerning the assemblies immediately became apparent. It is that: 
e The two clutch assemblies were once lapped 
so that opposite clutch faces were parallel YJ 
to within one second of arc (0.000005 inches per 
inch length) and both clutches on each separate 
identical in d 
more linear displacement activatsd, a.r The 
19 
0.999404 
0.999306 
/ 
UNTOUCHED CLUTCH 
85 
ature on Piezoe ic Clutch Width 
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dimensional changes have taken place in both 
clutches. 
These dimensional changes could have been caused by: 
The uneven flexing of 
and/or 
uneven flexure in the piezoelectric ceramic 
stacks 
and/or 
that the clutches had not been electrically cycled 
sufficiently to an equilibrium state prior to 
precision lapping 
and/or 
the conductive epoxy used to cement the 
piezoelectric clutch stacks was changing 
dimensions, 
. rigidity of the cantilever spring, 
0 
Experimental data supported the conclusion that this latter factor 
appears to be the case. 
Subsequently, the undercut clutch assembly was precision lapped so that 
its opposite faces were parallel to within 10 microinches, a surface finish of 
s rem. s. and with the across the clutch f some 
t ipb of 25 microinches. only available to some multiple of 
he@, Le., 0.100 100050, 0.100075, and 0.100000 
I 
of the the housing in re 
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gage block spaces showed that the dimension of the clutches across the faces tends 
to take the set of the housing. Clearly, we have controlled in large part, the 
sporadic operation of the microactuator device and with this control should come 
the control of 
fbr 
out of the housing when the room temper 
t k t  we contacted the General Electric Company regarding piezoelectric ceramic 
stability. The General Electric investigators had found that their stability problems 
were due to the eopxy cement used to bind the piezoelectric ceramics together in a 
stack. A s  a consequence of this discussion we contact the manufacturer of the 
epoxy (Dynaloy, Inc. ) and found that the material used to fabricate the clutch stacks 
(Dynaloy 325 A&B) was an elastomeric material. The manufacturer could not 
supply us with any engineering data concerning this material but they did suggest 
the use of a different catalyst that would provide a rigid bond. 
Elastomeric materials are spongy in nature and would be assumed 
to have a very low spring constant. Essentially, the microactuator clutch is 
composed of metal, piezoelectric ceramic and the epoxy material. The metal 
and ceramic have much hi@er spring constants than would be expected from 
elastomers, therefore, we have a situation of three materials in serie? one of 
which could have a low spring constant. The linear displacement caused by 
the piezoelectric material could be absorbed by the elastomer with little or no 
force transmitted to the housing walls. This factor could very well be the cause 
of poor load support by the microactuator units. 
The microactuator clutch that had never functioned was taken apart 
a . € k  softening the conductive epoxy with a solvent, Examination of the silvered 
faces bf the ceramics and the copper shim showed that they were cross hatched with 
22 
substance of these discussions were as follows: 
The piezoelectric ceramic PZT-5H used in the clutch is a low coercivity 
material. This me ans that it is easily polarized ,and depolarized. Recommended 
voltage for use with this material is 3 volts per mil thickness or 180 volts per 
60 mil slab. We have been restricted to the use of high voltages, 300 volts for 
setting the microactuator housing, and 400 volts for opa  ation, by the rigidity of 
the invar cantilever spring assembly and the dimension discrepancies in the clutch 
faces. These high voltages are used with the polarity reversed from that placed on 
the ceramic when it was poled. Such usage results in depolarization with attendant 
dimensional contraction. This dimensional change from fully polarized to depolarized 
state is -0.2% or 120 microinches per 60 mil ceramic. With twelve ceramics in 
action of 1440 microinches could result 
Depolarization can also occur if the piezoelectri 
mechanically compressed. It is felt that partial depolarization is re@ onsible 
23 
to a minimum commensurate with operational reliability. 
c. Temper ature Dependence 
The sporadic nature of the operation of the microa 
ginally " traced to fluctuations in room temperature. The clutches had a 
ency to drop out of the housings while standing in an upright position overnight, 
A s  a consequence of this, extensive investigations were done on the coefficients 
of linear expansion of the materials of construction and the determinations of 
d utch dimensioning across the faces as a function of temperature. This work 
uncovered the djfference in dimensions between the top and bot clutches on the 
Consequently, it was  felt that lowering the tcrnperature of the device would cause 
the housing to shrink f i t  the clutch and thereby restore operability and the ability 
to support a load. The opposite type of behavior proved to be true. Cooling 
caused tho clovico to €rea rand heating caused tho dovico to laek. Tho only r ~ d ~ u n r ~  
for such behavior could be an inertia in temperature change between the housing 
and the clutch and/or a clutch construction material that has a larger coefficient 
of linear expansion than the steel. 
S: 
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ntal determination of the coefficient of linear expansion of the invar s 
it to be 1.9 microinches/inch/OC. 
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The approximated data for PZT-5H at room temperature should be the 
PZT-5A data at 192°C which shows the a coefficient to be negative and to be very 
much dependent upon an initial heat treatement. The two microactuator clutches 
were heat conditioned at 50°C for one hour and have been tested for piezoelectric 
and temperature expansion effects. The piezoelectric constant d33 remains 
unchanged (593 x meters/volt); The expansion across the clutch faces 
approxima tes 25 microinches/inch/OC 
with the Clevite Research Division in regards to the differences in our eqerimental 
Telephone conversations have been held 
26 
SECTION V 
The rectangular gage blocks are an inexpensive way of obtaining a 
straight, high surface finish (2 microinches r. m. s), hard bearing surfar;e. These 
gage blocks measure 0. 55000011 x 0.357" x 1.380". The distance, 0. 550O0Of1 
4-4 (68°F) between the ground and polished surfaces is kept within a tolerance of -2 
microinches. The coefficient of linear expansion of the blocks is 6.4 microinches . 
per inch per OF. Blocks are available in many sizes and can be wrung together to 
form thousands of combinations, all of which are some multiple of 25 micro 
The basic building blocks for microinch dimensioning differ from each other by 
25 microinches, i. e . ,  0. 10002511, 0.100050", 0. 100075f1, and 0. 100IOO1l; 
10 microinches per inch per OF. The webs i 
27 
force er unit area . 
length 
force e r  unit area elongation per unit length = modulusPof elasticity 
elongation per unit length = 
modulus of elasticity = elongation Eer 
3 5# 
.m2 
30 x 106#/in2 
So we see that this microacixator web will elongate 7 microinches when the clutch 
(1" across) exerts this force (70 pounds). There will be a trade-off of allowable 
elongation versus the increase in weight. Since the cantilever constraint in the 
original clutch limited the interference fi t  to 20 microinches, this elongation 
accounts for 33% reduction in interference fit. The cross-sectional area of the 
web was increased threefold in order to decrease ths loss to 11%. 
Two different methods of joining the webs to the gage blocks were tried. 
Since the gage blocks are hardened steel the only practical way for drilling holes 
28 
It should be noted also here that engineering data on adhesives is 
Currently, we use a hard, tough epoxy cement that does not have awbacks 
ceramic stacks. Ideally, the coefficients of linear expansion of the microactuator 
housing web material should match as close as possible the coefficient of linear 
expansion of the piezoelectric ceramic material. 
29 
The Republic Aviation Division design concept for the microinch actuator has 
been proven to have definite merit, The nature of the piezoelectric action resulting 
in linear displacements adjustable from 5 x 10j-7inches to 20 x inches, 
functional, reliable, reality. 
These problem areas manifested themselves as anomalies in device 
operation, specifically, sporadic operation, temperature dependence , spurious 
movements and the inability to support a load. The solution of the problem of a 
sporadic operation and temperature dependence was effected in part by undercutting 
the cantilever web on the piezoelectric clutch, precision relapping of the clutch 
. 
faces assuring parallelity, the use of the gage block technique for fitting the 
housing to the piezoelectric clutch with a controlled interference f i t  and assured 
parallelity of ways and by depolarization control of the piezoelectric ceramics. 
The remaining problem area, spurious movement and hability to support a 
h non-elastomeric ep ent. The use of this 
30 
'She efforts of the Republic Aviation Division on the microinch actuator have 
been rewarding insofar as these efforts have identified and corrected the behavorial 
for an aerospace 
Research Center. 
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